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Abstract
Objective. During the latter half of the 20th Century, Diurnal Temperature Range (DTR)
decreased across most of the globe, including the African Sahel. While, decreasing DTR trends
are usually attributed to enhanced rainfall and cloud cover, this was not the case in the Sahel as
the region was suffering from a drought at the time. Prior studies suggested that land degradation
and associated modification of surface energy fluxes to be responsible for observed changes in
DTR. This study seeks to evaluate a linked but complementary mechanism, namely increase in
atmospheric dust loading caused by land degradation also contributes to the DTR decrease
observed in the Sahel. Methods. The methodology utilized is to constrain the WRFChem single
column model (WCSCM) using observations collected in Niger during the year 2006. WCSCM
is utilized to simulate diurnal temperature cycle under dusty, but cloud free conditions. Once a
simulation of diurnal temperature cycle closely agrees with the observations, another simulation
is conducted with the dust radiative effects removed. Differences between the two simulations
are examined to determine the impact of dust on DTR. Results. This study found that the
presence of mineral dust in the atmosphere lowered DTR during both the dry season and wet
season. The simulations also indicated that dust lowers DTR by increasing nocturnal
temperatures. Conclusion. This study finds that increases in atmospheric dust loading associated
with land degradation in the Sahel region contributing significantly to the decreasing DTR trend
is a viable hypothesis.
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1 Introduction
This paper reports the results of a modeling study concerning physical processes that contribute
to observed trends of Diurnal Temperature Range (DTR) in the African Sahel. In order to
provide context, the paper begins with the motivation of the study (section 1.1) as well as the
geographical settings of the study area (section 1.2). Theoretical considerations and the
hypothesis examined in this study are discussed in section 1.3. Scientific methodology,
including the datasets and model utilized and numerical model experiment design are given in
section 2.1-2.3. Results and conclusions from the study are discussed in sections 3 and 4
respectively.

1.1 Motivation
In the context of global climate change, there is considerable interest in understanding processes
that contribute to surface temperature trends. Long term trend of the mean temperature of the
globe is positive, with the nocturnal temperatures rising faster than daytime temperatures, during
the period of 1950-1990 [Vose et al., 2005]. During this time, DTR, the difference between daily
temperature maxima and minima fell across most of the globe, indicating a decrease in diurnal
temperature shifts [Braganza et al., 2004]. Observations also showed that the majority of these
decreases were due to increases in daily minimum temperatures [Karl et al., 1993]. Various
suggestions for increase in nocturnal minimum temperature and associated decrease in DTR
included increased cloud cover and increased precipitation, but this was not the case for all areas
that experienced falling DTR [Dai et al., 1999; Zhou et al., 2009].
During this period, the Sahel region of North Africa (outlined in Figure 1) experienced a
decrease in DTR while undergoing a multi-decadal drought. In fact, after the drought had ceased
and rainfall rates began to recover, DTR increased, contrary to the usual trends [Zhou et al.,
2007]. The Sahel drought and decreased DTR makes it quite clear that factors other than an
enhanced hydrological cycle are contribute to the lowering of the DTR. Zhou et al. [2007]
suggests that vegetation removal and soil aridation may be responsible for increase in nocturnal
temperature and decrease in DTR. Prior studies [Nair et al., 2011], suggest that atmospheric
aerosols, especially dust,
could contribute to night
time warming. Vegetation
removal and aridation has
also been linked to increase
in atmospheric dust
[Moridnejad et al., 2015]
and thus could be an indirect
pathway to enhanced night
time warming. Therefore,
this paper focuses on the
effects that mineral dust has
on DTR; and from here on,
aerosols and mineral dust
Figure 1: African Sahel
will be used interchangeably
Source:
Created by Author
unless otherwise specified.
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This study hypothesizes that increased atmospheric aerosols, specifically mineral dust, also
contribute to the observed decrease in DTR in the Sahel and seeks to provide evidence that
mineral dust can significantly impact DTR of that region.

1.2 The Region of Interest
The area of interest for this study is the Sahel region. The Sahel falls between the latitudes of
20⁰N and 10⁰N and stretches across North Africa (Figure 1). It serves as a zone of transition
between the Sahara to the north and the savannas to the south. The Sahel is characterized by
grasslands populated by few trees and provides pasture for livestock. As the Sahel is the only
arable land in the region, it is inherent to the livelihoods of the people in Northern Africa.
Furthermore, the Sahel is known as an area that is extraordinarily susceptible to climate change
[Zhou et al., 2007]. Even small perturbations in the Sahel’s climate can produce much larger
climatic shifts. Due to the social structure of the region, these climatic shifts can be devastating.
Because the radiation budget is a large factor in determining overall climate, the source of the
falling Sahel DTR is a question of importance.

1.3 Theory
The theoretical basis for the study hypothesis is as follows. Consider the scenario where a
significant amount of aerosols, specifically mineral dust, is present in the atmosphere on a
cloudless day in the Sahel. During the day, the radiation budget is dominated by shortwave
radiation from the Sun. Atmospheric aerosols intercept this radiation and reflect it back towards
from space, decreasing the radiation incident on the surface and lowering the day’s maximum
temperature. Once the Sun sets, longer wave thermal energy emitted by the Earth comes to
dominate the radiation budget instead of the shorter wavelengths inherent to sunlight. This
longwave radiation is intercepted by the aerosols as it leaves the surface and is absorbed. While
some of the energy warms the atmospheric layer containing the aerosols, most of the energy is
re-radiated. A portion of the re-radiated energy goes out to space, but the rest is directed back to
the surface. The surface absorbs the energy radiated back to it and warms the air just above the
surface. This warming prevents nocturnal temperatures from falling and produces daily
minimum temperatures that are higher than days without aerosols present, despite lower daily
maxima.
The qualitative scenario above describes a mechanism by which aerosols can decrease DTR.
While the scenario is not quantitative, it provides the framework within which to test the stated
hypothesis. If the proposed mechanism is correct, increasing the amount of aerosols in a
numerical model of the atmosphere will lower incoming shortwave radiation during the day
while increasing incoming longwave radiation. The effect of the longwave radiative forcing due
to dust at night will more than compensate the reduction in solar radiation during the day time
and reduce DTR. Additionally, the presence of aerosols should be accompanied by an
observable warming in the layer in which they are present. If these two effects are observed in
the modeling study conducted by the authors, then it can be said with confidence that the
presented mechanism is a feasible means by which aerosols could decrease DTR.
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2 Methodology
The methodology section describes the data used in the study as well as the configuration of the
numerical atmospheric model used to test the hypothesis. The section ends with the research
procedure before transitioning into the results.

2.1 Data
In this section, the characteristics of the data used are discussed. The specific measurements
utilized and the sources of these measurements are described, and the section finishes with the
quality criteria the authors put in place for the data.
2.1.1 Time Period and Measurements
Despite the actual drought having ended prior to the year 2000, this study focuses on the year
2006 because of data availability. The study uses case days from January through December in
order to maximize the sample as well as incorporate data from both the wet and dry seasons.
Atmospheric radiation measurements used by the model are aerosol optical depth (AOD),
angstrom exponent, asymmetry parameter (ASYP), and the single scattering albedo (SSA). AOD
is the quantification of how much light is extinguished by the atmosphere; and the angstrom
exponent, SSA, and ASYP characterize atmospheric aerosols. Additionally, early morning
soundings and soil moisture and temperature estimates are used to initialize the atmospheric
numerical model.
2.1.2 Sources
This study makes use of data from both the Atmospheric Radiation Measurement project (ARM)
and from the Aerosols Robotic Network (AeRoNet). The ARM data was taken from a mobile
measurement facility located in Niamey, Niger which is in the Sahel. The AeRoNet facility is
approximately 50 km to the northeast of Niamey, near Banizoumbou, Niger. Additional
information from other studies, most notably Johnson et al., 2008, provided useful constraints on
the vertical distribution of aerosols in the Sahel. Measurements of AOD and angstrom exponent
came from AeRoNet, while asymmetry and SSA data were taken from ARM. The soil
parameters estimates come from the European Centre for Medium Range Forecasts (ECMRF)
and are modeled values. In addition to the measured AOD, a modeled value from the Optical
Properties of Aerosols and Clouds (OPAC) software package was used. The aerosol profile used
in OPAC was the default mineral dust profile as described in Hess, et al., 1998. The same paper
also describes the OPAC model. A description of how the OPAC AOD value was used is
presented in Section 2.2.
2.1.3 Quality Criteria
In order to isolate the effects of aerosols from those of clouds, the authors set a criteria that all
case days must have less than 25% peak cloud cover. This number was chosen because it
minimized the number of cloudy days used while still allowing for a significant number of days.
Also, only days with an angstrom exponent between 0.30 and 0.55 were considered. As seen in
Figure 2, this range corresponds to the modal angstrom exponent for the year of study. The final
criterion for case days was that a sounding profile was available for the early morning. This is
necessary because the model used requires a vertical profile for initialization. These criteria gave
38 case days from the year 2006.
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Figure 2: Histogram of Angstrom Exponent

2.2 Model Configuration
While a complete description of the model is not possible here due to space constraints, several
specifics will be mentioned. Please contact the authors for full details as well as copies of the
code and input files used.
The model used in this study is the Weather Research and Forecasting Chemistry Single Column
model (WCSCM). The model is configured to simulate three days without restarts.
Approximately the first six hours of the simulation are spin-up time, after which the WCSCM
begins to produce results agreeing with observations. The model is set to output every simulated
hour and has a time step of thirty seconds. Despite being a single column model, the WCSCM
actually comprises of four columns that are homogenous in the horizontal. Each of these
columns is 2000 km by 2000 km on the surface for a total simulation area of 4000 km by 4000
km. Using 60 full vertical levels, the WCSCM simulates the atmosphere from the surface to 12
km.
The Rapid Radiative Transfer Model for Global climate models (RRTMG) parameterization is
used to simulate both shortwave and longwave radiative transfer in the atmosphere. Observed
AOD, ASYP, SSA and Angstrom exponent is used to specify dust optical characteristics in the
shortwave regime. In the infrared regime, observed mean vertical profile of extinction
coefficient is scaled by a constant factor, such that the optical depth at 0.55 microns matches
observations.

2.3 Research Methodology
As stated in Section 2.1.3, this study draws on data from 38 case days to initialize the model;
however, because of uncertainties in the final data set, only five days were used for calibration.
To calibrate the model, each day was run and the results checked against the official
measurements for that day. If the simulated diurnal cycle differed from the observations, then the
surface energy budget was adjusted by altering the soil moisture until agreement was achieved.
Once the WRF model used in this study successfully reproduced the days used in the calibration
process, each day from the full set of 38 case days was run twice.
4

Each day was simulated twice with one set of simulations serving as the control group and the
other as the experimental group. The first run of each day included AOD observations and was
designed to accurately reproduce observations for each case day. The results from these runs
served as the control group. The second run of each day set AOD to zero. This effectively
removed all dust from the model and perturbed the model from the control state..
Differences between the dusty and dust free simulations are then examined to determine the
impact of dust radiative forcing on DTR. From determining the effects of removing dust, the
significance of dust to Sahel’s radiation budget can be inferred and the physical mechanism
proposed in Section 1.3 can be evaluated. The effects of removing the dust are discussed in
Section 3.

3 Results and Discussion
The Sahel experiences two primary seasons: the dry season and the wet season. This study
divides the results into three groups because of this. Section 3.1 contains the results for the dry
season, Section 3.2 reviews the wet season; and Section 3.3 discusses the results for the year as a
whole. Finally, Section 3.4 summarizes the results and leads into the authors’ conclusions.

3.1 Dry Season
Of the selected case days, 36 fall within the Sahel’s dry season which corresponds to January
through April and October through December [McFarlane et al., 2009]. Figure 3 was generated
by taking the difference between the control runs and the experimental runs then averaging the
differences across each case day in the dry season group. The differences are taken such that
positive values indicate that the variable in question is elevated when aerosols are present. Each
variable is plotted against the hour of the simulation with the simulation starting 24 hours before
midnight of the case day. In addition to the magnitudes of the perturbations, the standard
deviation of the control group is plotted as an envelope in dashed lines.
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Figure 3: Surface Perturbations – Dry Season
From the upper-left plot of Figure 3, it is evident that nocturnal temperatures are elevated on
days with mineral dust in the atmosphere. This is consistent with the DTR observations showing
elevated nocturnal temperatures. The downwelling shortwave radiation plot shows that incoming
solar radiation is somewhat impeded by the aerosols, but the plot of interest is the downwelling
longwave radiation. Throughout the entire simulation, downwelling longwave radiation is
increased when aerosols are present. This is consistent with the physical model presented in
Section 1.3. The physical model suggests that the most significant warming would be seen at
night and due to increased incoming longwave radiation. While there is a slight discrepancy
regarding the nearly zero daytime temperature perturbation, this can be explain by the increased
incoming longwave radiation offsetting the decreased shortwave radiation. The bottom-left panel
shows sensible and latent heat fluxes, but the zero perturbation line remains solidly within the
standard deviation envelope for most of the simulation. This makes it difficult to tell whether
aerosols had any significant impact on these variables. Regardless, these results do support the
hypothesized mechanism since downwelling longwave radiation is elevated. As discussed in
Section 1.3, the other indicator that would support the proposed mechanism is a warming of the
atmosphere where aerosols are present.
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Figure 4: Optical Extinction versus Height
Source: Adapted from Johnson et al., 2008

Figure 4 was created with data drawn
from the study and shows the distribution
of aerosol extinction in the atmosphere
while Figure 5 shows potential
temperature perturbations. The
perturbations are calculated similarly to
Figure 3. The mean of the differences
between the control runs and the
experimental runs are plotted such that
positive values indicate warming on days
with dust present. If the proposed
mechanism and hypothesis are correct,
the model should indicate warming
where the extinction is greatest. Once it
is remembered that a pressure fall of 100
hPa corresponds to approximately a 1 km
gain in altitude in the lower troposphere,
it is clear from Figures 4 and 5 that this
does not occur. The extinction due to
aerosols is concentrated in the lowest
kilometer of the atmosphere, and Figure
5 clearly shows cooling of almost 0.1
Celsius degrees in the lowest layer of the
atmosphere. While such a small amount
is not necessarily significant, it does
provide some evidence against the
proposed mechanism.
Next, analysis of the case days from the
wet season will be discussed.

3.2 Wet Season
The Sahel’s wet season lasts from May
to September [McFarlane et al., 2009].
Only two case days, however, come from
the wet season despite it being almost
Figure 5: Temperature Perturbation –
equal length as the dry season. This is to
Dry Season
be expected since the criteria for
choosing case days depends on both
aerosols in the atmosphere and cloud cover. On rainy days, cloud cover is increased; and rainfall
also prevents dust from rising into the air. With only two case days’ worth of simulation, these
results bear little significance and are here mainly for completion; but they do provide some
indication as to aerosols’ effects on diurnal temperature range.
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Figure 6 shows surface measurements the same as Figure 3. Right away it is apparent that the
data from the wet season simulations jumps around more than the dry season runs. Also, the
standard deviation envelopes are more jagged. Both of these characteristics are due to only
having two simulations for the season. Neglecting the first few hours of the simulation as spin-up
for the model, it is clear that the wet season runs show similar trends as the dry season
simulations. Temperatures are elevated during the nights when aerosols are present; and
downwelling longwave radiation is the same, albeit at a lesser magnitude. This not only fits with
observations but also with the physical model presented in Section 1.3. The lesser magnitude of
the heating can be explained as less aerosols present during the wet season than the dry which is
to be expected as discussed earlier. Incoming shortwave radiation appears to decrease during the
day, but the perturbations tend to remain within one standard deviation of the zero line.
Therefore, the results are inconclusive. The latent and sensible heat flux plot shows much the
same. Despite the movements in the sensible and latent heat lines, the zero line remains well
within the envelopes. Figure 6 shows many of the same results as Figure 3. They both show
warming during the night when dust is in the atmosphere as well as elevated downwelling
longwave radiation. Now the investigation turns to the vertical temperature profile of the wet
season simulations.

Figure 6: Surface Perturbations – Wet Season
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Figure 7: Optical Extinction versus Height
Source: Adapted from Johnson et al., 2008

If the hypothesis is correct, aerosols in
the atmosphere absorb longwave
radiation from the Earth and re-emit it
back to the surface. Through this
process, the atmospheric layer containing
the aerosols will warm. Figure 7 is
identical to Figure 4 and is shown here
for reference. Figure 8 shows the average
temperature perturbations for both wet
season cases plotted as a function of
atmospheric pressure. Once again
positive values reflect higher
temperatures in simulations that include
dust versus those that do not. Unlike the
dry season, the wet season has warming
in the layer containing aerosols with the
exception of one altitude where
temperature is the same regardless of
aerosol presence. This is possibly due to
being just below the layer where the
most aerosols are concentrated. Then as
the aerosol layer warms, the warmer air
convects upward. This theory is slightly
supported by the warmer temperatures
above the cool layer; but without further
study, it is impossible to move beyond
conjecture. The fact remains, however,
that warmer temperatures are evident in
the presence of aerosols throughout the
atmospheric column. This provides
evidence that the atmospheric aerosols
are absorbing some of the Earth’s
longwave radiation and warming the air
around them.

Unfortunately, with only two case days
in this series of simulations, the question
remains whether these results are
significant or merely anomalies. The
next section combines the results from the dry and wet seasons and looks at the year as a whole.

Figure 8: Temperature Perturbation –
Wet Season
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3.3 Full Year
Combining case days from both the wet season and the dry season provides 38 case days. While
36 of these days do come from the dry season, inclusion of the wet season days does provide a
means of quantifying the annual impact that dust has on the Sahel’s DTR; therefore, there is
value to be gained.
First, this paper will cover the results from the surface. In Figure 9, much of the same
conclusions can be drawn as from Figures 3 and 6. Nocturnal temperatures remain higher when
dust is included in the model than when dust is not included. Downwelling shortwave radiation
appears to fall but remains inconclusive, and downwelling longwave radiation is higher in the
control runs than in the perturbed runs. In fact further scrutiny reveals that Figure 9 is nearly
identical to Figure 3. These similarities are to be expected though because both figures are
generated by using the average differences between each control run and its matching
experimental run. Because the vast majority of the simulations in the annual group are from the
dry season, similarities with the dry season results are to be expected. From analysis of the
annual group of simulations, the conclusion can be drawn that aerosols do impact the radiation
budget significantly at the surface. While this conclusion is the same as those drawn from the
surface data of both the wet and dry seasons, it is necessary to examine the year as a whole.

Figure 9: Surface Perturbations – Annual
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Figure 10: Optical Extinction versus Height
Source: Adapted from Johnson et al., 2008

The next set of data is once again a plot
of vertical temperature perturbations.
Figure 10 is a reprint of Figure 4
included here for the convenience of the
reader. Figure 11 is a plot of temperature
differences between the control
simulations and the experimental
simulations just like Figures 5 and 8, but
Figure 11 includes all of the case days
from both the wet and dry season. While
Figure 9 bears a great resemblance to
Figure 3, Figure 11 more resembles
Figure 8. When the wet season is
combined with the dry season, the net
effect is a warming through the majority
of the atmosphere, even in the lower
regions. The warming is slight, only a
few hundredths of a Celsius degree; but
it is there unlike in the dry season alone.
After taking into account both seasons,
the physical model from Section 1.3 is
more strongly supported than during
either season alone. Of the two signs that
would indicate aerosols are responsible
for the DTR shift (increased incoming
longwave radiation and warming of the
lower atmosphere), both are present in
the annual data.

3.4 Summary of Results
The final results of this study are shown
in Table 1. In the table, DTR shift is the
shift from the control DTR to the
perturbed DTR. The statistical
significance is calculated with a
Student’s t-test, the statistics tool.
Figure 11: Temperature Perturbation –
Annual

Table 1 shows that removing dust raises
DTR for each of the three simulation
groups. This supports the hypothesis that
aerosols can lower DTR from the bottom up as demonstrated by Figures 3, 6, and 9. Although
the results do not show much warming in the aerosol layer, this should not be taken as conclusive
since depending on which simulation group is in mind, the results are substantially different.
From these results, it can be concluded that aerosols do significantly impact DTR in the Sahel.

11

Table 1: Summary of DTR Analysis

Dry Season
Wet Season
Annual

Mean Control
DTR (⁰C)
9.18
7.95
9.11

Mean Perturbed
DTR (⁰C)
19.09
12.20
18.71

DTR Shift
(⁰C)
9.90
4.24
9.60

Statistical
Significance
a<0.005
a<0.05
a<0.005

4 Conclusion
This paper focuses on how the presence of mineral dust affects atmospheric aerosols. Presenting
a physical mechanism explaining how aerosols could impact DTR, this study then uses the
WCSCM model to test the validity of that mechanism. The results are divided into three groups:
the dry season, the wet season, and the entire year. While the results do point towards aerosols
significantly impacting DTR (summarized in Table 1), the analysis was inconclusive as to the
mechanism involved. The authors asserted that the hypothesized mechanism would be supported
if the model showed both the observed DTR patterns and warming in the atmospheric layer
containing aerosols. All three analysis groups recreate the bottom up DTR decrease, but only the
wet season and annual results indicate warming in the lower troposphere where the majority of
the dust is located. Even in those groups though, there is a cooler region approximately
collocated with the greatest optical extinction. This suggests that other factors may be involved
that the proposed mechanism does not account for.. Also, longwave radiative forcing values are
much higher compared to those observed in prior studies [Nair et al., 2011]. Further work is
needed in checking the radiative transfer calculations associated with dust aerosols. Regardless,
from this study it can be concluded that changes in aerosols can significantly affect DTR; and the
authors recommend further study to identify the specific mechanism involved.
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